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In the past years the spotlight of the search for dark matter particles widened to the low mass
region, both from theoretical and experimental side. We discuss results from data obtained in 2013
with a single detector TUM40. This detector is equipped with a new upgraded holding scheme to
efficiently veto backgrounds induced by surface alpha decays. This veto, the low threshold of 0.6 keV
and an unprecedented background level for CaWO4 target crystals render TUM40 the detector with
the best overall performance of CRESST-II phase 2 (July 2013 - August 2015). A low-threshold
analysis allowed to investigate light dark matter particles (< 3 GeV/c2), previously not accessible
for other direct detection experiments.
INTRODUCTION
Many astronomical observations made in the last
decades provide overwhelming evidence for the existence
of a large amount of dark matter in the Universe [1].
Today, we know that finding dark matter particles corre-
sponds to open a new area of physics beyond the Stan-
dard Model of particle physics. Theoretical models were
for a long time centered around the WIMP (weakly in-
teracting massive particle) paradigm, predicting particles
with a mass in the range of ∼10 GeV/c2 to ∼1 TeV/c2.
However, in the last years alternative well-motivated sce-
narios were investigated, for example asymmetric dark
matter models [2]. These models propose masses of
∼0.1 GeV/c2 to ∼10 GeV/c2 which is below the scale of
classical WIMPs.
The hunt for dark matter is carried out through com-
plementary channels. Firstly, accelerators may produce
dark matter particles in collisions of standard model par-
ticles. Secondly, indirect searches aim to detect annihila-
tion signals of dark matter particles. The third channel is
to directly observe interactions of dark matter particles
with Standard Model particles. Up to now no convincing
signal was found with any of the three search strategies.
In the first extensive physics run of CRESST-II (last-
ing from 2009-2011) an excess of events above the known
backgrounds was observed. Interpreting this this excess
as being induced by dark matter, predicted WIMPs of
reasonable mass and cross section [3]. However, already
at that time this result was incompatible with other di-
rect dark matter searches and in mild tension with pre-
vious CRESST-II results [4]. Clarifying the origin of the
excess was one major goal for the succeeding phase 2
(July 2013 - August 2015) . This contribution will focus
on results obtained from the non-blind 2013 data taken
with a single detector module named TUM40. The main
analysis was published in [5] with additional information
on the detector design and backgrounds given in [6, 7].
WORKING PRINCIPLE OF A DETECTOR
CRESST-II detector modules consist of two separate
detectors to simultaneously record the phonon signal and
the scintillation light of a particle interaction. We de-
fine the light yield as the ratio of the energy (in electron
equivalent) measured with the light detector to the en-
ergy measured with the phonon detector. We normalize
the light yield of electron recoils induced by betas and
gammas to one [8], as this event class exhibits the high-
est light output.
Figure 1 depicts the light yield as a function of the en-
ergy deposited. Each band defines a region where 80 % of
the events of the respective class (indicated on the right)
are expected. The width of the bands, and thus the dis-
crimination power between the dominant electron recoil
background and the sought-for nuclear recoils, is mainly
given by the resolution of the light detector. Also marked
in figure 1 is the region of interest (ROI) for the dark mat-
ter search. It includes scatterings off oxygen, calcium and
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2FIG. 1. Light yield (light signal/phonon signal) as a func-
tion of deposited energy. The bands correspond to the differ-
ent event classes, marked on the right. The region of inter-
est (ROI) for scattering of dark matter particles includes all
three nuclear recoil bands from threshold energy up to 40 keV.
The red arrows correspond to events induced by the decay of
210Po in a detector with non-active surfaces. The green er-
rors illustrate the vetoing effect of the alpha producing light
in a scintillating surface surrounding the crystal (see text).
Illustration taken from [6].
tungsten from the energy threshold up to 40 keV. Above
40 keV the expected count rate for dark matter particle
scatterings drops dramatically, due to the form factor [9].
The latter describes the influence of the nuclear substruc-
ture causing a deviation from the quadratic dependence
of the scattering cross section on the atomic mass. This
A2-scaling is expected for particles scattering elastically
and coherently off nuclei.
SURFACE BACKGROUNDS
All classes of background events discussed in the fol-
lowing arise from the α-decay of 210Po to 206Pb with an
energy of 5.2 MeV for the alpha and an energy of 103 keV
for the 206Pb recoil. Depending where this decay takes
place different events may be seen in the detector. We
distinguish the following cases:
I. The α-particle hits the crystal - degraded alpha
A decay in the bulk of a non-scintillating material sur-
rounding the crystal might result in a so-called degraded
alpha event. The term degraded refers to the fact that
the alpha may loose part of its energy before hitting the
crystal. As one can see in figure 1, the alpha band over-
laps with the ROI at low energies, thus representing a
background for the dark matter search.
target crystal
surrounding
material
206Pb
206Pb
FIG. 2. Illustration of the energy depositions in the target
crystal induced by α-decays of 210Po. The upper situation
corresponds to a decay on the surface of the crystal, where at
minimum the full energy of the 206Pb-daughter (103 keV) is
deposited in the crystal. For a decay taking place on or very
near the surface of material surrounding the crystal, 103 keV
is the maximal deposited energy (lower situation). Illustra-
tion taken from [3].
II. The 206Pb-daughter hits the crystal - surface
alpha backgrounds
A different situation appears for decays taking place
on the surface (or on layers very close to the surface)
of the crystal or any material with a line-of-sight to the
crystal (illustrated in figure 2). In this case the 206Pb-
daughter might hit the crystal. Such lead events exhibit
a light yield similar to scatterings off tungsten and, thus,
potentially mimic dark matter signals.
II.a α-decay on the surface of the crystal
Decays on the surface of the crystal are harmless for
the dark matter search as the full energy (103 keV) of the
206Pb-daughter is deposited in the crystal and 103 keV is
far above the region of interest. For events slightly below
the surface the alpha also deposits some energy in the
crystal and produces scintillation light. This event class,
corresponding to the upper half of figure 2, results in
events indicated by the right red arrow in figure 1.
II.b α-decay on the surface of surrounding material
The lower part of figure 2 depicts alpha-decays taking
place on some surface of material surrounding the crys-
tal. In this case the 206Pb-daughter can loose part of its
energy in this material and then deposits an energy of
less than 103 keV. As indicated by the left red arrow in
the light-yield energy plane this class of events leaks into
the region of interest.
3light detector (with TES)
block-shaped target crystal 
reflective and 
scintillating housing
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FIG. 3. Scheme of the upgraded detector design using a block-
shaped crystal held by CaWO4 sticks. This design avoids any
non-scintillating surface in the vicinity oft the crystal and,
thus, vetoes events induced by surface alpha decays.
Conclusion
In [3], the leakage of lead recoil events into the region of
interest was extrapolated from the observed energy spec-
trum of lead recoils above this region. Lead recoils were
found to be the largest background source, but also for
degraded alphas a substantial contribution to the number
of expected background events was estimated following
an analogous approach. However, as the extrapolations
rely on certain assumptions to model the energy depen-
dence of the respective event class down to the energies
of interest, some uncertainty remains.
VETO OF SURFACE BACKGROUNDS WITH
THE UPGRADED DETECTOR MODULE
In order to eliminate the backgrounds discussed in
the last section also upgraded detector modules capable
to veto these backgrounds were installed in the current
phase 2 [10]. The module under consideration - TUM40
- is one of these modules with an upgraded design. By
replacing the previously used metal clamps to hold the
crystal with CaWO4-sticks any non-scintillating surface
in the line-of-sight to the crystal has been avoided (see
figure 3 for a schematic drawing). Thus, the alpha of the
210Po-decay will always produce scintillation light. This
additional scintillation light lifts these events in the light
yield-energy plane indicated by the yellow arrow in figure
1. This effect leads to an extremely efficient veto for the
lead recoil events, as has been shown in [6].
LOW-THRESHOLD ANALYSIS
TUM40 was chosen for the first analysis of phase 2 as
it is the module with the best overall performance. In
addition to the veto for surface alpha decays, TUM40 is
equipped with a crystal grown at the Technische Univer-
sita¨t Mu¨nchen (TUM) exhibiting an overall background
level of 3.51 counts/(keV kg day) in the energy range from
FIG. 4. Trigger efficiency (black dots) as a function of the
equivalent energy of the pulses injected to the heater. The
red line is a fit using an error function (see text). The re-
maining lines show the cumulative probability for a potential
signal event to survive the selection criteria as a function of
equivalent energy of the simulated pulses. The blue line is the
total efficiency after applying all cuts. (Plot from [5].)
1 to 40 keV [7]. This value is the lowest one obtained so
far for a CaWO4-crystal operated in CRESST-II. Fur-
thermore, the highly-performing phonon detector allows
for a precise energy reconstruction with a resolution for
low-energy gamma-lines of '100 eV and for a low trigger
threshold of 0.6 keV. These features render TUM40 per-
fectly suited for a low-threshold analysis, which will be
the focus of this section.
Trigger Threshold and Cut Efficiency
Trigger Threshold
Obviously, a precise knowledge of the trigger threshold
is a basic requirement to analyze data down to thresh-
old. In CRESST every detector is equipped with a sep-
arated heater. Its main purpose is to stabilize the tem-
perature in the desired operating point using a constant
current. Additionally, pulses of a shape similar to those
induced by particle interactions are injected. Thus, we
directly measure the trigger threshold by injecting low-
energy pulses to the heater and determining the fraction
of pulses successfully triggered for each injected energy.
The measured efficiency is depicted as a function of en-
ergy with black dots in figure 4. The red line is the
result of a fit with a function describing the convolution
of a step function for an ideal trigger with a Gaussian
function to account for the baseline noise of the detector.
We determine the trigger threshold (50 % point of the red
line) to be (603±2) eV.
4Cut Efficiency
We apply different types of cuts on the raw data. For a
low-threshold analysis energy-dependent cut efficiencies
(= the probability of a potential signal event to survive
all cuts) cannot be neglected. We determine the efficien-
cies by applying the cuts on a set of artificial events. We
create these events by superimposing randomly sampled
empty baselines with signal templates. As the empty
baselines are affected by any artifacts in exactly the same
way as potential signal events this method provides a pre-
cise estimate of the cut efficiencies.
The first cut applied removes time periods with the
phonon or the light detector (or both) not being in their
stable operating point. The second cut removes coinci-
dences between an event and the muon veto or any other
detector, as multiple interactions of dark matter particles
are practically excluded considering their small antici-
pated interaction cross section. Additionally, all events
where the correctness of the energy reconstruction is in
doubt have to be removed. The main tool of the energy
reconstruction is a fit of the pulses with a signal template.
Thus, all events where this fit yields an increased RMS
value are discarded (denoted fit quality cut in figure 4).
In TUM40 the TES is not evaporated directly onto
the crystal, but onto a small carrier crystal which is in
turn glued to the main crystal (composite design, see
[11]). Events in the TES carrier rise faster than events in
the absorber and are, therefore, efficiently removed by a
cut on the rise time. However, for very low energies the
discrimination via the rise time becomes more difficult
causing the drop in the nuclear recoil efficiency (see blue
line in figure 4).
Data
In figure 5 we present the light yield versus energy data
of the non-blind 2013 data set taken with TUM40 cor-
responding to an exposure before cuts of 29.35 kg days.
Comparing the data with the schematic drawing in fig-
ure 1 reveals that no background events related to sur-
face alpha decays are observed. The gamma lines well
pronounced in the e−/γ-band mostly originate from cos-
mogenic activation of tungsten (see [5, 7] for a detailed
discussion).
Because of the anticipated A2-dependence of the dark
matter particle scattering cross-section, scatterings off
the heavy tungsten nuclei are expected to be far more
numerous than on the rather light elements oxygen and
calcium. However, the more the masses of two scatter-
ing partners differ, the less energy is transferred in the
scattering. Thus, oxygen and calcium extend the reach
towards low dark matter particles, where scatterings off
tungsten are already well below threshold.
FIG. 5. Data from the detector TUM40 taken in 2013 pre-
sented in the light yield-energy plane. The nuclear recoil
bands (80 %) for oxygen and tungsten are drawn in black and
red, respectively. All events inside the yellow region are con-
servatively considered as potential signal events. The upper
light yield boundary is set to the center of the oxygen band.
(Plot from [5].)
For the argument outlined above, the region of inter-
est in the light yield energy plane extends over all three
nuclear recoil bands. However, we are using the Yellin
optimum interval method [12] without background sub-
traction to derive an exclusion limit on the scattering
cross section. Thus, by only considering events below
the center of the oxygen band (yellow region in figure 5)
we substantially reduce the leakage of e−/γ-background
events without a significant cut of the sensitivity towards
low dark matter particle masses.
Results
With standard assumptions on the dark matter halo
we derive an exclusion limit (90 % confidence level (C.L.))
on the dark matter particle-nucleon cross-section, drawn
as function of the mass of the dark matter particle in
solid red in figure 6 [5]. The light red band shows the
expected statistical fluctuations (1σ C.L.), obtained by
an empirical Monte Carlo simulation which is based on
the events observed in the e−/γ-band. The limit obtained
from data meets the expectations from this model leaving
no hint for events beyond the e−/γ-background.
The WIMP interpretation [3] of the excess observed
in the previous phase 1 is to a large extent ruled-out by
this result. However, the full exposure of phase 2 and a
combination of several detector modules will be needed
to finally clarify the origin of the excess.
At the time of publication in July 2014 new parameter
space was explored for masses below 3 GeV/c2. Very re-
cently (September 2015), the SuperCDMS (dash-dotted
5FIG. 6. This plot shows the elastic, spin-independent scatter-
ing cross-section of dark matter particles with nucleons as a
function of the mass of the dark matter particle. The result
discussed here [5] is drawn in solid red, the expected statis-
tical fluctuations as light red band. Additionally drawn are
other 90 % exclusion limits from CRESST (red,[4, 13]), ger-
manium based experiments (green, [14–18]) and experiments
based on liquid noble gases (blue, [19–21]). The gray colored
region marks the limit for an CaWO4-based experiment free of
backgrounds induced by coherent neutrino-nucleus scattering
[22]. Colored shaded areas correspond to regions of allowed
parameter space reported by [3, 23, 24]. Limits marked with
a ’*’ in the legend are currently under review, but included
nonetheless to show the latest advancement in the low-mass
regime.
green,[16]) and the CRESST (dash-dotted red, [13]) col-
laborations announced new results further pushing the
sensitivity of direct dark matter searches in the low-mass
regime.
The new (2015) CRESST-II low-threshold result ([13])
was obtained with the detector module Lise. Compared
to TUM40, Lise exhibits a higher overall background
level, mainly caused by a less radiopure (commercial)
crystal and the accidental illumination with an 55Fe-
source, installed to calibrate the light detector of an ad-
jacent detector module. Thus, for dark matter particle
masses above 6 GeV/c2 the 2015 exclusion limit is signif-
icantly weaker than the 2014 limit. However, the trigger
threshold of Lise is (307±3.6) eV, which is almost a fac-
tor of two lower than the one of TUM40. With this low
threshold we were able to open-up the direct search for
dark matter particles lighter than 1 GeV/c2.
Both the 2014 and the 2015 exclusion limits show a
more moderate rise towards lower energies compared to
other direct dark matter searches. This is a consequence
of the light elements present in our target material. The
transition point from tungsten to oxygen being the domi-
nant scattering partner causes the kinks in the respective
exclusion limit seen at ∼3 GeV/c2 for the 2015 result and
at ∼4.5 GeV/c2 for the 2014 limit.
Motivated by the growing theoretical interest in the
low-mass regime and the results discussed above, the next
measurement campaigns will focus on light dark matter
particles, as outlined in [25]. The new detectors will com-
bine (an upgraded version of) the superior TUM40 hold-
ing concept with a phonon detector specially designed
towards the measurement of very small energy deposits.
Details on the design of the new detectors and their po-
tential are outlined in [25, 26].
The analysis presented in [5] and in the present con-
tribution proved for the first time the performance of
CRESST detectors down to thresholds well below 1 keV.
Thus, it not only contributed to the hunt of dark matter
but also laid foundation for further significant progress
in sensitivity - already achieved with Lise in 2015 and
expected for the near future with the upgraded detector
modules.
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